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Abstract: In an effort to understand the nature and toxicity of petroleum hydrocarbon degradation metabolites, 2-dimensional gas
chromatography linked to a time-of-flight mass spectrometer (GC�GC-TOFMS) was used to conduct nontargeted analysis of the
extracts of 61 groundwater samples collected from 10 fuel release sites. An unexpected result was the tentative identification of 197
unique esters. Although esters are known to be part of specific hydrocarbon degradative pathways, they are not commonly considered
or evaluated in field studies of petroleum biodegradation. In addition to describing the compounds identified, the present study
discusses the role for nontargeted analysis in environmental studies. Overall, the low toxicological profile of the identified esters, along
with the limited potential for exposure, renders them unlikely to pose any significant health risk. Environ Toxicol Chem 2015;34:1959–
1961. © 2015 The Authors. Published by Wiley Periodicals, Inc., on behalf of SETAC.
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INTRODUCTION

Although esters are known to be potential metabolites of
alkane biodegradation [1], they are not commonly evaluated
when petroleum degradation in the field is assessed [2,3]. In an
effort to better understand the nature and toxicity of polar
compounds that are quantified and reported as petroleum
hydrocarbons under some regulatory-required analytical meth-
ods, a 2-dimensional gas chromatography (GC�GC) linked to a
time-of-flight mass spectrometer (TOFMS) was used to conduct
nontargeted analysis of the extracts of groundwater collected
from fuel release sites [4,5]. An unexpected result was the large
number of esters tentatively identified in these samples. The
purpose of the present short communication is to describe these
findings and discuss their implications.

At some fuel release sites, there is a regulatory requirement
to monitor the concentration of hydrocarbons dissolved in
groundwater using analytical methods commonly referred to as
total petroleum hydrocarbons as diesel, total extractable
hydrocarbons, or diesel-range organics. These analyses typical-
ly are based on US Environmental Protection Agency (USEPA)
method 3510C [6] for solvent extraction and USEPA method
8015B/C [7,8] for quantitation using gas chromatography with a
flame ionization detector. The methods measure all extractable
organics in a sample and are not specific to hydrocarbon
compounds that originate from a fuel release; consequently they
may overestimate the concentration of dissolved hydrocarbons
in groundwater. Silica gel cleanup (using USEPA method

3630C [9] or a similar method) of the solvent extract prior to
injection into the gas chromatography is recommended to
separate polar compounds from the nonpolar petroleum
hydrocarbons, thereby providing a more accurate measure of
the dissolved hydrocarbons present. The metabolites of
petroleum biodegradation are often the primary type of polar
compound present in groundwater associated with a fuel
release, and may make up the vast majority of the organics
that are measured as total petroleum hydrocarbons as diesel
without silica gel cleanup [10]. Some regulators limit the
application of silica gel cleanup because of a lingering
uncertainty about the characteristics and toxicity of the
metabolites. Therefore, research efforts are ongoing to identify,
quantify, and evaluate the potential toxicity of these metabolites
in groundwater [4,5].

Aerobic metabolism of hydrocarbons is typically initiated
with addition of oxygen to generate an alcohol through the
action of an oxygenase enzyme. Depending on the position of
the hydroxyl group, the alcohol is transformed into either an
aldehyde or a ketone. Aldehydes are converted to acids through
addition of water across the carbon–oxygen double bond.
Ketones can be oxidized to acetyl esters through the action of
another oxygenase enzyme [11]. Hydrolysis of the ester results
in an acid and an alcohol. An important anaerobic degradation
process is initiated by the addition of fumarate to generate an
organic diacid that can undergo subsequent transformation [12].
A second anaerobic pathway is initiated by the subterminal
carboxylation at the C-3 position of an alkyl chain, generating a
monoacid [13]. Esters are not part of either anaerobic pathway.

Because organic acids are generated under both aerobic and
anaerobic conditions, they are common targets of metabolite
monitoring in the field [2,3,14]. Esters typically are not included
as targeted analytes. Also, standard methods for organic acid
analysis may destroy esters that may be present. Esters can be
hydrolyzed when groundwater samples are acidified, either as a
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preservative or as a method to increase the extraction efficiency
of acids. Because of poor separation of organic acids using
standard gas chromatography, they are typically derivatized
using chemical processes that would hydrolyze esters to the
corresponding acid and alcohol [2].

MATERIALS AND METHODS

Sixty-one groundwater samples were collected at 5 fuel
terminals and 5 service-station sites affected by releases of
diesel, or a mixture of gasoline and diesel (for the terminals), or
gasoline (for the service stations). All the sites were located in
California. Groundwater was collected from monitoring wells
in both source and downgradient areas at each site. Samples
were shipped on ice, but not otherwise preserved. Field blanks
were not collected for the present study. Initial results from the
terminals are described in more detail in Zemo et al. [5], and the
results for esters and acids were combined in that study. Results
from the subsequent larger data set, including the service-station
sites, are presented for the first time in the present study. Natural
attenuation parameters indicated anaerobic biodegradation
conditions ranging from nitrate-reducing to methanogenic [5].
Each groundwater sample was extracted in triplicate using
methylene chloride (USEPA method 3510 [6]). The pH of the
groundwater at the time of collection was typically between 6.5
and 7.5, and was not adjusted prior to extraction. Onemethylene
chloride extract for each sample was subjected to silica gel
cleanup (USEPAmethod 3630 [9]) to separate the hydrocarbons
from the polar compounds. The polar compounds that were
retained on the silica gel column were eluted with 45 mL of
methanol, and the methanol eluate was concentrated to 1 mL.
The 3 methylene chloride extracts (without and with silica gel
cleanup) and the methanol eluate from each well were analyzed
on a Leco Pegasus IVGC�GC-TOFMS. Details on the columns
used and temperature profiles are presented in Mohler et al. [4].
Leco ChromaTOF software was used to process the data and
generate peak tables. Mass spectra generated by the GC�GC-
TOFMS were compared with mass spectra in the National
Institute for Standards and Technology library. Spectra that
matched with a mass spectral similarity value greater than 750
were assigned tentative compound names and used to determine
compound class.

RESULTS AND DISCUSSION

Approximately 1775 unique nonhydrocarbons were tenta-
tively identified by GC�GC-TOFMS. Of these, 1403 (80%)
unique compounds consisted only of oxygen, carbon, and
hydrogen; the remaining also contained a sulfur and/or nitrogen
atom. The 197 (11%) unique tentatively identified esters are
listed in the Supplemental Data, and 18 example compounds are
shown in Figure 1. Ester formation is not thought to be an
artifact of the sample preparation process because extraction
occurs at or near neutral pH. Additional details about other
tentatively identified compounds are presented in Mohler
et al. [4] and Zemo et al. [5]. For comparison, 113 (6%) unique
compounds were tentatively identified as organic acids. The
esters were subdivided further into the classes shown in Table 1.
These compounds range in size from 2 to 35 carbons, with all
but 1 being 24 carbons or fewer. Quantifying the environmental
concentrations of most of these compounds is not currently
possible, because standards are not available; therefore,
extraction efficiency, percentage recovery, and analytical
response could not be determined. Evaluation of 28 potential
petroleum metabolites for which standards are available found

their limit of quantitation to be in the range of 2 ng to 20 ng per
injected volume [4].

The carbon structures of the esters, acid, and alcohol
components include both small (�C4) compounds consistent
with traditional metabolism and those with more complex
structures that are more apparent oxidation products of
hydrocarbon degradation. These include compounds with alkyl,
cycloalkyl, and aromatic structures. Of all the compounds, 42

Figure 1. Eighteen examples of tentatively identified esters found in
groundwater at fuel release sites. Structures obtained fromChemSpider [22].
See Supplemental Data for details.

Table 1. Subclasses of esters

Class No. of unique compounds

Alkane esters 123
Aromatic esters 35
Cyclic esters 31
Polycyclic esters 5
Polyaromatic esters 3
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were esters or diesters of the 2-carbon oxalic acid (see row 5 in
Figure 1). Although 17 additional diacid esters were tentatively
identified, they did not include any substituted succinic or
fumaric acids that are commonly evaluated as indicators of
anaerobic degradation [3,15].

The number of esters identified was unexpected, because
esters are not commonly considered to be part of aerobic or
anaerobic degradative pathways. With the limited information
available, it is difficult to speculate on whether esters are
generated for a specific purpose, such as carbon storage under
electron acceptor limitation, use as surfactants to increase
hydrocarbon availability, or as a means of eliminating structures
that specific microbial strains cannot degrade. Comparisons of
source area and downgradient wells indicate that the esters are
transient and degrade within the plume [4,5].

The results of the present study indicate the value of
conducting nontargeted analysis as part of some environmental
investigations [4,16]. Although traditional targeted analysis
allows for tracking and quantification of specific compounds, it
may tell only a partial story. Advances in analytical technology,
such as GC�GC and TOFMS, are allowing more detailed
studies of the fate and toxicity of hydrocarbons in the
environment [5,17]. Although the present study is focused on
the metabolites of petroleum fuels in groundwater, similar tools
are being used to study crude oil releases [18].

A key purpose of identifying the compounds in the present
study was to evaluate the potential toxicity of the metabolites
generated from petroleum degradation. Although toxicity data
for esters is limited, a USEPA Office of Prevention, Pesticides,
and Toxic Substances registration decision found no unreason-
able adverse effects resulting from exposure to the aliphatic
esters evaluated [19]. Because of the in vivo hydrolysis of esters
to acids and alcohols, the High Production Volume Challenge
Program of the USEPA [20] assigns an ester’s toxicity based on
its corresponding acid and alcohol using the read-across hazard
characterization approach [21]. By applying a similar approach,
the esters identified in groundwater collected at our sites were
determined to have low potential for human toxicity [5].
Bioassay-based studies to evaluate the aquatic toxicity of
groundwater containing petroleum metabolites, including
esters, are ongoing.

SUPPLEMENTAL DATA

Tables S1 and S2. (238 KB PDF).
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